Taxonomy-based partitioning of the Gene Ontology  by Kuśnierczyk, Wacław
Available online at www.sciencedirect.comwww.elsevier.com/locate/yjbin
Journal of Biomedical Informatics 41 (2008) 282–292Taxonomy-based partitioning of the Gene Ontology
Wacław Kus´nierczyk *
Department of Information and Computer Science, Norwegian University of Science and Technology (NTNU), Sem Sælandsv. 7-9, 7491 Trondheim, Norway
Institute for Formal Ontology and Medical Information Science (IFOMIS), Saarland University, Saarbru¨cken, Germany
Received 22 April 2007
Available online 29 August 2007Abstract
The Gene Ontology (GO) project is a collaborative eﬀort to construct ontologies which facilitate biologically meaningful annotation
of gene products. In some situations, only a generic or a species-speciﬁc subset of all GO terms is required to annotate and analyze the
results of a particular biomedical experiment. We show that by deﬁning explicit links between terms in the GO and terms in the Tax-
onomy of Species (TS) it is possible to automatically create partitions of the GO according to various taxonomic criteria.
Our framework is based on three logically deﬁned relations—validity, speciﬁcity, and relevance—used to link terms in the Gene
Ontology with terms in the Taxonomy. The major advantages of this approach, as compared to the traditional GO slims methodology,
are: unambiguous semantics of GO–TS annotations, signiﬁcant reduction of the eﬀort needed to manually select GO terms appropriate
for a particular taxonomic context, ability to generate views of the GO even for taxa for which no explicit links with GO terms exist,
logical consistency of such views, and automated updates of TS-dependent GO subsets. Incorporation of the proposed framework into
the GO may improve the usability of the ontology for those scientists who focus their research on a particular species or a speciﬁc class of
organisms.
 2007 Elsevier Inc. All rights reserved.
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During the past decade there has been a rapid growth of
interest in ontological engineering, i.e., in designing, imple-
menting, and deploying structured representations of vari-
ous real world domains [1–3]. One of the most visible
testimonies of this trend is the ontological activity in bio-
medicine and bioinformatics, perhaps best represented by
the Open Biomedical Ontologies (OBO) project and its suc-
cessor OBO Foundry (http://obofoundry.org), which is
supported by the National Center for Biomedical Ontology
(NCBO; http://bioontology.org) and is a central part of its
BioPortal. The Gene Ontology (GO; http://www.geneon-
tology.org), which served as the initial kernel of OBO
and successfully continues to be its driving force, is the
result of an eﬀort aimed at providing a structured, precise,1532-0464/$ - see front matter  2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.jbi.2007.07.007
* Fax: +47 73594466.
E-mail address: waku@idi.ntnu.noshared vocabulary for describing roles of genes and gene
products in any organism [4–6].
Ideally, ontologies should be built to enable automated
agents to communicate and process information as if they
had the understanding of the domain that human experts
possess. On the other hand, ontologies are valuable sources
of explicit, systematized knowledge for human users, espe-
cially those who are not experts in the domain represented
by a particular ontology [1]. Automated agents use an
ontology to retrieve relevant pieces of information anno-
tated with its terms, but it is human users that must under-
stand the ontology to provide such annotations. (Even if
annotations are suggested by automated services, such as
text mining of scientiﬁc literature, it is still human experts
that must curate—accept, modify, or reject—those sugges-
tions.) This dual role of ontologies is reﬂected in, e.g., the
principle of intelligible deﬁnitions: deﬁnitions within an
ontology should be both humanly intelligible and formally
speciﬁable [7].
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size, and coverage, a trend clearly illustrated by the list of
bioontologies available on the OBO website. It has long
been recognized that large knowledge bases need to be eas-
ily partitionable into subsets tailored for the convenience of
both a human and an automated agent (see, e.g., [8,9]). On
the one hand, focusing on a narrow partition improves the
eﬃciency of inference; on the other hand, human users may
be presented with a constrained and tersely expressed por-
tion of knowledge, relevant to the particular problem at
hand. In the case of OBO, partitioning of the represented
biomedical domain is realized in two ways. Firstly, the
whole of our biomedical knowledge is divided into a num-
ber of separate ontologies covering diﬀerent subdomains,
such as gross anatomy of Drosophila, human diseases, cel-
lular components, protein–protein interactions, etc. This
partitioning reﬂects the perspective on reality taken by
the authors of the ontologies. Secondly, terms within a sin-
gle ontology may be selected or hidden to provide a partial
view of the partition of reality represented by the ontology.
This subpartitioning reﬂects a user-deﬁned perspective on
reality (its part captured within the scope of the chosen
ontology).
The Gene Ontology was originally designed to be a
vocabulary that could be applied to all eukaryotes [4], but
now includes a large number of terms that cover gene prod-
ucts found in prokaryotes and viruses as well. One conse-
quence of this development is that not all GO terms are
necessarily of interest to a researcher focused on organisms
of a particular kind, such as viruses, ﬂowering plants, or
fruit ﬂies; not all terms need to be visible to every user,
and many terms will be irrelevant to the inferences a partic-
ular experiment may require to be carried out. We show
that by relating terms in the Gene Ontology to terms in
the Taxonomy of Species (TS) one is able to partition the
GO according to various criteria, and answer taxon-spe-
ciﬁc queries such as ‘‘Which metabolic processes are spe-
ciﬁc to vertebrates, but are not found in birds?’’, for
example. The proposed framework is in line with the eﬀorts
of the OBO community aimed not only at developing and
maintaining biomedical ontologies, but also at their full
semantic integration. The NCBO’s BioPortal provides
access to a large collection of ontologies spanning many
species, and an extension of the framework to cover ontol-
ogies other that the GO is also plausible.2. Methods
In this article, we focus on how species-dependence can
be deﬁned and used to automatically partition terms
within a biomedical ontology. We ﬁrst analyze (in Section
3) how suitable for this task are the so-called GO slims—
subsets of GO slims intended to provide user-deﬁned
selections of terms from the three branches of the Gene
Ontology, the molecular function, biological process,
and cellular component ontologies. In Section 4, weobserve that by explicitly linking GO terms with taxo-
nomic terms from the Taxonomy of Species, one is able
to take advantage of the hierarchical structure of both
the Gene Ontology and the Taxonomy. Following this
observation, we present, in the form of precise deﬁnitions,
a solution that allows a user to form partitions of the GO
in a dynamic fashion, by specifying and combining vari-
ous criteria on term–taxon relations. It should be noted
that the framework is not intended to address all of the
problems discussed in Section 3. In particular, it allows
one to deﬁne the speciﬁcity of GO terms on the basis of
their correspondence to more or less inclusive taxa, but
it does not address the issue of speciﬁcity of GO terms
in general.
Section 5 sec3discusses philosophical, terminological,
and practical issues related to the presented framework.
Our analysis of the structure and content of the Gene
Ontology and GO slims is based on data obtained from
the Gene Ontology downloads site (http://www.geneontol-
ogy.org/go.downloads.shtml). Where taxonomical infor-
mation is involved, our reference is data obtained from
the NCBI Taxonomy downloads site (ftp://ftp.ncbi.nih.
gov/pub/taxonomy). Both databases were most recently
accessed in January 2007; both databases are also available
for online browsing.3. The current state
The Gene Ontology project is a collaborative eﬀort to
construct and use ontologies to facilitate the biologically
meaningful annotation of genes and their products in a
wide variety of organisms [6]. The GO aims to provide a
controlled vocabulary that can be used to describe any
organism. It should be clear, however, that many functions,
processes and components are not common to all life
forms. There are many such non-universal features—fea-
tures that are not found in some kinds of organisms—rep-
resented within GO. (Henceforth, molecular functions,
biological processes and cellular components will collec-
tively be referred to as features of organisms, or simply fea-
tures; this short form allows us to simplify the text, and
should not be confused with other uses of the term ‘feature’
in biology otherwise.) In fact, quite many high-level GO
terms represent features that do not appear in all life forms.
(By high-level, or general, terms we mean terms that are
placed relatively close to the root term of the ontology they
belong to, irrespectively of how well the term-wise distance
from the root reﬂects what could be called a term’s speciﬁc-
ity.) For example, structures of the type represented by the
term cell are not components of viruses, and structures of
the type represented by the term virion are not (canonically)
components of cellular organisms. The terms biolumines-
cence, photosynthesis, locomotion, and hatching are other
relevant examples.
In the next section we examine GO slims in order to
identify how the dependence between GO terms and types
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approach can be improved or extended.
3.1. GO slims
The observation that there are terms in the GO which do
not represent universal features—components, processes,
and functions found in organisms of all sorts—has, among
other reasons, led to the implementation of a simple
approach to creating constrained views of the GO, the
so-called GO slims. Slims are characterized as follows:
Slims are versions of the GO ontologies in which the
more speciﬁc terms (and therefore their annotations)
have been collapsed up into the more general parent
terms; for example, style development can be collapsed
into ﬂower development [10].Slims are cut-down versions of GO ontologies contain-
ing a subset of the terms in the whole GO; they give a
broad overview of the ontology content without the
detail of the speciﬁc ﬁne grained terms. (GO slim guide,
http://www.geneontology.org/go.slims.html)
Slims are not constrained to providing only general
views of the GO (views including only general terms):
Slims are created by users according to their needs, andFig. 1. A part of the biological process branch of the Gene Ontology.
Indentation reﬂects subsumption of terms. Terms included in the Generic
GO slim are in boldface. The term ‘cellular process’ is excluded from the
Generic GO Slim, although both the term ‘biological process’ (its
ancestor) and the term ‘cell recognition’ (its successor) are included in
that slim.may be speciﬁc to species or to particular areas of the
ontologies. (GO slim guide)
One may thus create any view of the GO, in particular
one that contains only ‘ﬁne-grained’ terms. There are a
few oﬃcially supported GO slims: the Plant GO slim, the
Yeast GO slim, the Generic GO slim (a slim that ‘‘is not
species speciﬁc, and [. . .] should be suitable for most pur-
poses’’), and the GOA and whole proteome analysis slim.
To analyze data annotated with a subset of GO terms,
one may use any of the existing slims, or create one anew.
To create a slim with some particular intended coverage, all
GO terms deemed relevant for that purpose have to be
manually selected. In practice, within an OBO format ﬁle,
the subsetdef tag is used to introduce the slim’s identiﬁer
and name, and every term to be included in that slim is
marked with the subset tag together with the slim’s identi-
ﬁer; see the GO File Format Guide (http://www.geneontol-
ogy.org/go.format.shtml) for further details and examples.
To constrain the view of the whole of the Gene Ontology to
that covered by a particular slim, one simply needs to select
all those terms that are tagged correspondingly. This can be
easily done with an OBO-compliant tool, such as OBO-
Edit [11] (http://www.geneontology.org/go.tools.shtml).
For example, in the standard OBO-format GO distribution
ﬁle the term GO:0005933 bud is tagged as belonging to the
Yeast GO slim, while the term GO:0045202 synapse is not;
therefore, the former will appear in a ‘yeast’ view of the GO
based on that ﬁle, while the latter will not.
The approach to ‘contextualization’ of the Gene Ontol-
ogy reﬂected in the GO slims is fairly straightforward. Anumber of publications can be found in which GO slims
are reported to have been used, e.g., to provide an overview
of the functional composition of proteomes [12], categorize
proteins according to the processes they participate in [13],
or to improve estimation of missing values in microarray
experiments [14]. However, the following observations
make clear that one should be careful in making assump-
tions about a GO slim’s generality or species-speciﬁcity,
which would have impact on the correctness or relevance
of an analysis based on the slim.3.1.1. Imprecisely deﬁned scope
Slims are created by users according to their needs, but,
due to this very fact, they do not necessarily satisfy the
needs of a broader community. The existing slims lack def-
initions that would precisely describe their content. Slims
were introduced early on in the life of the GO [15], and
have since then remained a rather ad hoc set of customized
views of the GO ontologies.
In the case of GO slims, there are no explicit, precise cri-
teria for the inclusion of terms. Speciﬁcally, it is not clear
what it means that GO slims give a broad overview of the
ontology content without the detail of the speciﬁc ﬁne-
grained terms, as the notion of ‘ﬁne-grained’ terms is rather
intuitive and imprecise. As illustrated in Fig. 1, there are
terms excluded from the Generic GO slim despite their
ancestors and successors being included in this slim; what-
ever intuitive understanding of the speciﬁcity of GO terms
one may have, it seems to be contradicted by this example.
A simple approach to estimate a term’s speciﬁcity is to use
the count of ancestors of the term; an alternative approach,
implemented in the Gene Ontology Partition Database [16],
is to employ information-theoretic calculations, based on
the count of annotations associated withGO terms. In either
case, the result may not correspond well to the speciﬁcity of
terms as it could be understood by domain experts.3.1.2. Imprecise semantics of ‘species-speciﬁcity’
Until only recently, many terms in the GO were said to
be species-speciﬁc, and marked as such by a ‘sensu ...’
Fig. 2. Partial hierarchy of the Taxonomy of Species based on the NCBI
Taxonomy. Indentation reﬂects taxonomical ranks and subsumption.
Only taxa that are explicitly referred to by GO terms (by means of sensu
clauses in the terms’ names) are shown. Ellipses (‘. . .’) follow taxa the
subtaxa of which are omitted in the ﬁgure despite being referred to by GO
terms. Ranks of taxa are in parentheses; taxa for which NCBI Taxonomy
reports no ranks are not followed by parentheses.
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. . .’ inclusion in the deﬁnition (where the ellipsis stands
for a taxon name or a taxon description, respectively). In
an eﬀort to clarify the intentions, ‘sensu ...’ has been
replaced by ‘sensu ... research community’. (As of the date
of submission of this text, this change has been reversed.
‘Sensu’ terms are being modiﬁed so that their names reﬂect
the actual diﬀerentiating criteria rather than the use of a
term by a particular research community.)
‘Species-speciﬁcity’ is invoked in the description of GO
slims: the Prokaryotic GO subset is ‘‘a prokaryote-speciﬁc
subset of GO terms, [which] contains only terms that are
applicable to prokaryotes’’ (GO slim guide). It may thus
include terms that are applicable not only to prokaryotes
(compare: ‘contains only terms that are applicable only to
prokaryotes’), as well as exclude some terms that are appli-
cable to prokaryotes (compare: ‘contains all terms that are
applicable to prokaryotes’).
The Plant GO Slim contains the term GO:0008150 bio-
logical process, which clearly is not plant-speciﬁc; it also
contains the term GO:0005578 extracellular matrix (sensu
Metazoa), rather than a term such as extracellular matrix
(sensu Viridiplantae) (not an actual term in the GO).
3.1.3. Neglected relations between taxa
Although some of the GO slims seem to have been
intended as collections of terms corresponding (in some
underspeciﬁed sense) to particular taxa, the taxonomic
relations which hold between the classes of organisms
referred to by the slims have not been taken into consider-
ation. Thus, for example, the Plant GO slim contains only
some of the terms included in the Rice GO slim, and the
latter contains only some of the terms that are included
in the former. For most of the taxa that are explicitly asso-
ciated with the so-called species-speciﬁc (‘sensu’) terms,
there are no slims deﬁned (see Fig. 2).
3.1.4. Error-prone manual construction
Terms are assigned to slims manually, and each term to
be included in a slim must be explicitly tagged as such. The
criteria for adding terms to a slim are unclear, and thus it is
not obvious how to perform an automated consistency
check. Due to incomplete documentation, even a human
expert may not be able to assess the coherence of, and
adherence to a slim’s policy concerning inclusion and
exclusion of terms. Some of the examples given above—
e.g., the ‘sensu Metazoa’ term in the Plant GO slim—are
presumably the result of a mistake. (This is not entirely
clear, however, since the term GO:0005578 extracellular
matrix (sensu Metazoa) represents extracellular matrix as
it is ‘in, but not restricted to, the multicellular animals’—
the term could thus be reasonably seen as describing a fea-
ture found also in plants.)
3.1.5. Exclusively manual updates
GO slims do not automatically reﬂect changes done to
the GO ontologies other than those involving terms alreadyincluded in the slims. Consider an insertion of a new term
between two other terms, such that one of the terms
becomes a parent of the new term, while the other becomes
a child of the new term. Even if the older terms have
already been included in a slim, the slim will not automat-
ically contain the new term. The case of the term cellular
process excluded from the Generic GO slim (see Fig. 1
again) might be a valid example here.4. Results
In this section, we elaborate on a framework that, we
believe, allows for a substantial improvement in perfor-
mance, consistency, and ﬂexibility of creating taxon-based
partitions of the GO, as compared to what can be obtained
using the traditional GO slims. The framework is not
intended to be a replacement of GO slims, however, as
we explore only the very speciﬁc problem of selecting terms
based on their relations with taxa, while GO slims may be
created according to criteria of any other sort.4.1. Dynamic partitioning of the GO
The three GO ontologies—of molecular functions, bio-
logical processes, and cellular components—are hierarchi-
cal structures composed of linked terms. Terms represent
types of biological entities, and term–term links represent
relations between those entities. Currently, links between
GO terms represent two kinds of relations: subsumption
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part of links). Both relations are partial orders; they are
transitive and antisymmetric, and do not form cyclic struc-
tures—GO ontologies are (representable as) directed acy-
clic graphs (DAGs). In the following discussion, we will
not distinguish between these two types of relations, due
to the properties they share. It should be noted, however,
that the GO is likely to undergo substantial changes in
the nearest future, changes that would introduce a number
of other relations (see, e.g., [17–20]); further study will be
needed if our solution is to be adapted to such an extended
Gene Ontology.
GO terms may be associated with taxa—classes
(roughly corresponding to types, kinds) of organisms.
The classes are related by subsumption and form a hierar-
chical structure called the Taxonomy of Species. The onto-
logical nature of species and taxa in general is a matter of
philosophical debate; see [21–23] for a detailed discussion
of species, and of the Linnaean and other taxonomies. In
this work, species were chosen as the lowest-ranked taxa;
there are two reasons for this: Firstly, the Gene Ontology
explicitly refers to species using terms such as ‘species-spec-
iﬁcity’, ‘species-speciﬁc terms’, etc. Secondly, species have a
distinctive status in the taxonomy, in that there is a com-
monly used, though not necessarily universally agreed, def-
inition of species as populations such that the organisms of
a species are capable of interbreeding with each other
within the species and may produce fertile oﬀspring, while
this is not possible with organisms outside of the species.
However, the framework may easily be modiﬁed to adopt
taxa of other ranks as the basis of its deﬁnitions.
Taxa of sub-species ranks will be ignored here. We refer
to the NCBI Taxonomy of Species database as a concrete
implementation of TS; all of the information on taxa men-
tioned in this article comes from that database.
Fig. 2 presents a small portion of the Taxonomy of Spe-
cies, including only the taxa explicitly referred to by GOV S, , ( )R
Gene Ontology
g3
g1
g2
g5g4 g6 g7
V, R
V,S, R( ) S, R( )
Fig. 3. An abstract example of propagation of Gene Ontology-Taxonomy of S
terms, gi, on the left; TS terms, ti, on the right. Validity, V, speciﬁcity, S, an
(inferred). Where relevance appears in parentheses, it is implied from validity o
the directions of inference. Only validity and speciﬁcity between g3 and t2 are
(overlined V) between the GO terms speciﬁc to t2 (i.e., g3, g6, and g7) and the TS
and the inferred non-relevance (overlined R) between these GO terms and the T
Section 5 sec3for a discussion of non-validity and non-relevance).terms. We show how the hierarchical structure of TS can
be used to produce constrained views of GO faster and
more ﬂexibly than it is currently possible with GO slims.
4.2. Validity, speciﬁcity, and relevance
As we have already argued, phrases such as ‘prokaryote-
speciﬁc’ are used in the GO with a rather unspeciﬁc mean-
ing. We propose to systematize the dependencies between
GO terms and taxa by referring to precise meanings, and
to classify them into three types, designated as the validity,
speciﬁcity, and relevance of a GO term with respect to a
taxon. (The terms ‘validity’, ‘speciﬁcity’, and ‘relevance’
are used only tentatively to label the proposed relations,
and may be replaced at a later time if better alternatives
are suggested.) The framework presented in this and the
next section is illustrated with an example discussed in Sec-
tion 4.4 sec4(see Fig. 3).
4.2.1. Validity
A term g in the Gene Ontology can be put in the relation
of validity with a term t in the Taxonomy of Species if, and
only if, the feature (function, process, or component) rep-
resented by g can be found in (can be attributed to) organ-
isms of all species subsumed by the taxon represented by t.
We will also say that g is valid for the taxon represented by
t. Note that we do not require that the feature be found in
all organisms of those species, but that it must be present in
some organisms of every species in that taxon (possibly
only in organisms of a particular gender, and possibly only
at some time during their life).
For example, the GO term GO:0001967 suckling behav-
ior stands in the relation of validity with the TS term Mam-
malia (suckling behavior is valid for the taxon Mammalia),
because all mammals suckle, at some time during their life.
Likewise, the term GO:0008150 biological process is valid
for the taxon Viridiplantae, because some biological pro-Taxonomy of Species
t1
t2 t3
t4 t5 t6 t7
S, R
R( ) V, R( )
pecies term–term relations based on inference from manual assertions. GO
d relevance, R, are shown in boldface (manually asserted) and in italics
r speciﬁcity rather than inferred by propagation. Dotted arrows symbolize
manually asserted. In addition, the ﬁgure shows the inferred non-validity
terms for which they cannot be valid (i.e., t1, t3, t6, and t7, light gray area),
S terms for which they cannot be relevant (t3, t6, and t7, dark gray area; see
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valid for a taxon does not prevent this term from being
valid for other taxa as well; indeed, biological process
is valid for all biological taxa, except for, perhaps, viruses.)
On the other hand, the term GO:0000746 conjugation is
not valid for the taxon Mammalia, because there are spe-
cies of mammals that do not conjugate. Likewise,
GO:0031987 locomotion during locomotory behavior is not
valid for Viridiplantae, because there are species of green
plants that never locomote during locomotory behavior.
(In fact, most green plants never locomote, but there seem
to be plants that do locomote, at least in some sense. In the
case of Oxalis, a plant’s roots can pull the plant 60 cm
around in the soil [24].)
4.2.2. Speciﬁcity
A GO term g can be put in the relation of speciﬁcity with
a TS term t if, and only if, the feature represented by g can
be found only in organisms of some of the species sub-
sumed by the respective taxon. In other words, the feature
cannot be found in an organism of any species outside of
(not subsumed by) that taxon. We will also say that the
GO term is speciﬁc to the taxon.
For example, the term GO:0001967 suckling behavior is
speciﬁc to the taxon Mammalia, because no organisms
other than mammals suckle (we believe). (The term is also
trivially speciﬁc to the taxon Metazoa, because no organ-
isms other than animals suckle.) Likewise, GO:0048046
apoplast is speciﬁc to Viridiplantae, because only plant cells
have apoplasts (as far as we know).
On the other hand, the term GO:0042711 maternal
behavior is not speciﬁc to the taxon Mammalia, because
many animals other than mammals demonstrate maternal
behavior. Likewise, GO:0005576 extracellular region (of
which apoplast is a child term) is not speciﬁc to Viridiplan-
tae, because many organisms other than green plants have
extracellular regions within their bodies.
4.2.3. Relevance
A GO term g can be put in the relation of relevance with
a TS term t if, and only if, the feature represented by g can
be found in organisms of some of the species subsumed by
the respective taxon. The feature may be absent in organ-
isms of some (but not all) species subsumed by that taxon;
the feature may also be present in organisms of any species
not subsumed by that taxon. (Relevance may thus be seen
as a ‘weak’ form of validity. We do not insist on ‘relevance’
as the most relevant name for this relation; ‘applicability’ is
another applicable term.) We will also say that g is relevant
for the taxon represented by t.
For example, the term GO:0035188 hatching is relevant
for the taxon Mammalia, because there are mammals that
hatch—Monotremes (Monotremata, an order-ranked
taxon under Mammalia) lay eggs, and presumably hatch
as well. Hatching is neither valid for nor speciﬁc to Mam-
malia, because mammals of some (most) mammal species
do not hatch, and animals of some (many) non-mammalspecies do hatch. Likewise, GO:0005618 cell wall is relevant
for Viridiplantae, because some green plants have cells sur-
rounded by a cell wall. Cell wall is neither valid for nor spe-
ciﬁc to Viridiplantae, because plants of some species do not
have cell walls (e.g., some algae, which are green plants,
seem not to have cell walls; see http://www.biologie.uni-
hamburg.de/b-online/e26/26d.htm), and organisms of
many non-plant species (e.g., fungi) do have cell walls.
On the other hand, the term cell wall is not relevant for
the taxon Mammalia, and hatching is not relevant for
Viridiplantae, for reasons obvious in both cases.
4.2.4. Additional notes
With the Gene Ontology as one of their examples,
Smith et al. [19] discuss the all-some pattern recom-
mended for relations represented in an ontology. In the
GO, the part of link between the terms cell wall and cell
means that every instance of the type cell wall (i.e., every
individual cell wall) is a part of an instance of the type
cell (i.e., of an individual cell), although it does not mean
that every individual cell has a cell wall as its part—
which is not the case, in fact.
Analogously, the link speciﬁc to between the GO term
apoplast and the TS term Viridiplantae means that every
individual apoplast is found in (in this case, it is a compo-
nent of a cell of) an individual green plant—but it does not
mean that there are in every species of green plants some
individuals in which apoplasts can be found.
Relations between features and organisms can be diﬀer-
ent in nature. For example, when GO terms come from the
cellular component ontology, the relations may be parto-
nomic, or partonomic-like: part of, component of a cell of,
etc.; other relations may hold between functions and
organisms, and between processes and organisms. Rela-
tions between GO terms and TS terms may be of practical
importance for the developers of the GO: whenever one
wants to make the taxonomical characteristic of a GO term
explicit, the ﬁrst step may be to state which taxa the term is
valid, speciﬁc, or relevant for. This will then serve as an
indication that there is some sort of ‘found in’ relation
between the corresponding feature and the taxa, without
us being forced to precisely deﬁne this relation in the very
ﬁrst place. The nature of such a relation may not yet be
known precisely, and to correctly deﬁne ontologically valid
relations is not a trivial task (see, e.g., [25–28]). Relations
between GO terms and TS terms provide a handy means
for temporarily expressing intuition or imprecise knowl-
edge. Exact deﬁnitions should replace the speciﬁcation as
soon as possible.
4.3. Rules of propagation
The advantage of the GO–TS term–term relations intro-
duced above does not follow merely from the fact that their
meaning is precisely deﬁned. The idea is not simply to
replace each manual annotation of a term as belonging
to a slim with a manual annotation of that term as being
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can be propagated along term–term links both within the
Taxonomy of Species (along its is a links) and within the
Gene Ontology (along its is a and part of links). This leads
to a substantial reduction in the amount of work necessary
to manually associate GO terms with TS terms, and allows
one to automatically discover certain types of inconsistency
in manual assertions and to form taxon-dependent views of
GO on-demand.
GO–TS term–term relations can be propagated along
term–term links in both directions, i.e., both from a parent
term to a child term, and from a child term to a parent
term. We will speak of up-propagation in the former case,
and of down-propagation in the latter case. The three types
of relations conform to the following patterns of
propagation:
1. Validity up-propagates along the links within the Gene
Ontology: if a GO term g is valid for a particular taxon
t, then every ancestor of g is valid for t. For example, the
term suckling behavior is valid for the taxon Mammalia,
and so are all its ancestors, i.e., the terms behavioral
interaction between organisms, interaction between
organisms, etc. In practice, if there is a valid for link
between suckling behavior and Mammalia, then all terms
of which suckling behavior is a successor can be automat-
ically included in a ‘valid for Mammalia’ view of the
GO—even if none of those terms is explicitly marked
as valid for Mammalia.
2. Validity down-propagates along the links within the Tax-
onomy of Species: if a GO term g is valid for a particular
taxon t, then g is valid for every successor of t. For
example, the term suckling behavior is valid for the taxon
Mammalia, and thus it is valid for all taxa subsumed by
Mammalia, i.e., Prototheria, Theria, Eutheria, etc. In
practice, if there is a valid for link between suckling
behavior and Mammalia, then suckling behavior can be
automatically included in every ‘valid for T’ view of
the GO, where T stands for any taxon subsumed by
Mammalia—even if suckling behavior is not explicitly
marked as valid for T.
3. Speciﬁcity down-propagates along the links within the
GO. For example, the term virion is speciﬁc to the taxon
Viruses, and thus are also all its successors, i.e., the terms
viral capsid, viral genome, etc. (The taxonomic status of
viruses is not clear. NCBI Taxonomy contains a term
for the (unranked) taxon Viruses, and thus we use it in
the example, despite that, arguably, viruses are not
organisms.)
4. Speciﬁcity up-propagates along the links within the TS.
For example, the term suckling behavior is speciﬁc to
the taxon Mammalia, and thus it is speciﬁc to all ances-
tors of this taxon, i.e., the taxa Amniota, Tetrapoda,
etc.
5. Relevance up-propagates along the GO. For example,
hatching is relevant for Mammalia, and thus are all its
ancestors, i.e., development and biological process.6. Relevance up-propagates along the TS. For example,
hatching is relevant forMammalia, and thus it is relevant
for all ancestors of this taxon, i.e., Amniota, Tetrapoda,
etc.
The rules above are sound—any inference from correct
assumptions may lead only to correct conclusions. (While
the soundness can be logically proven, such proofs are
beyond the scope of this article.) However, one may not
be able infer all correct assertions. For example, from the
validity of suckling behavior for the taxon Homo we cannot
infer, by propagation, that suckling behavior is valid for
Mammalia, etc. A separate rule may be added to the eﬀect
that if a GO term is valid for all taxa subsumed by a par-
ticular taxon, then the term is valid also for that taxon
(note that such inference would be based on the closed
world assumption; see Section 5 sec3for further discussion).
One may also want to design other rules.
One practical importance of the rules of propagation is
that one does not need to explicitly link all GO terms with
all the TS terms they are valid, speciﬁc, or relevant for.
Rather, it suﬃces to relate some of them and use the rules
to automatically propagate validity, speciﬁcity and rele-
vance along both the GO and the TS. The following obser-
vations show how to minimize the eﬀort of manually
associating GO terms with TS terms:
7. To completely express validity for a particular taxon,
only the most speciﬁc GO terms (i.e., the terms most dis-
tant from the root) which are valid for that taxon need
to be explicitly marked as such. Similarly, to express
the validity of a particular GO term, it suﬃces to explic-
itly link the term with only the most general TS terms for
which it is valid. For example, if the GO term suckling
behavior is explicitly valid for the TS term Mammalia,
then no other explicit link of suckling behavior (and of
any of its ancestors) with Mammalia or with any of its
successors is necessary.
8. To express the speciﬁcity to a particular taxon, only the
most general GO terms speciﬁc to that taxon need to be
explicitly marked as such. Similarly, to express the spec-
iﬁcity of a particular GO term, it suﬃces to explicitly
link the term with only the most speciﬁc (in the sense
of their position within the hierarchy) TS terms to which
the GO term is speciﬁc.
9. To express relevance, only the most speciﬁc GO terms
need to be explicitly linked with the most speciﬁc TS
terms for which the GO terms are relevant.
Note also that validity implies relevance, but not vice
versa. (Speciﬁcity implies relevance as well, under the
assumption that each GO term represents a feature that
can be found in organisms of at least one species). Fig. 3
illustrates the idea of propagation in a generic case; the
asserted and inferred GO–TS relations are shown in
Table 1. In the next section, we present a simple example
based on real data.
Table 1
A contingency table showing all asserted and inferred GO–TS relations in
the generic case presented in Fig. 3
t1 t2 t3 t4 t5 t6 t7
g1 R V, R — V, R V, R — —
g3 R, V V, S, R V , R V, R V, R V , R V , R
g6 S, R, V S, R V , R — — V , R V , R
g7 S, R, V S, R V , R — — V , R V , R
All symbols as in that ﬁgure. GO terms for which no relations are asserted
or inferred are omitted here.
Table 2
Relations between three GO terms (rows) and three TS terms (columns);
GO identiﬁers are omitted
‘Viridiplantae’ ‘Magnoliophyta’ ‘Magnolia’
‘Cell wall’ R V, R V, R
‘Cell wall (sensu M.)’ S, R V, R V, R
‘Secondary cell wall’ S, R
Generality of GO terms decreases from top to bottom, generality of TS
terms decreases from left to right. Letters in table cells indicate associa-
tions: V, validity; S, speciﬁcity; R, relevance. Explicit (manually asserted)
relations appear in boldface, inferred relations appear in italics. Validity
propagates towards the top and right of the table, speciﬁcity propagates
towards the bottom and left of the table, relevance propagates top-left-
wards and also follows from validity and speciﬁcity.
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GO–TS term–term relations can be used to generate
taxon-dependent (e.g., species-speciﬁc) views of the Gene
Ontology on demand. We illustrate this with a simple
example involving three GO terms: cell wall, cell wall (sensu
Magnoliophyta), and secondary cell wall, and three taxa:
Viridiplantae (green plants, a kingdom), Magnoliophyta
(ﬂowering plants, an unranked taxon between a phylum
and an order), and Magnolia (magnolias, a genus). (Both
the GO terms and the taxa are listed in the order of
decreasing inclusiveness.) It is reasonable to assume that
(some) cells of all ﬂowering plants have cell walls, and that
cell walls as found in ﬂowering plants can also be found in
other plants—but not in organisms other than plants.
Under this assumption, we may explicitly link the GO term
cell wall (sensu Magnoliophyta) with the the TS term ‘Mag-
noliophyta’, acknowledging the GO term’s validity for
Magnoliophyta, and with the term Viridiplantae, acknowl-
edging the speciﬁcity of this GO term to green plants.
Table 2 shows the two explicit, manual links, and also
all implicit links, inferred according to the rules of propa-
gation. Note that if secondary cell wall is relevant (or valid)
for Magnoliophyta (or Magnolia), additional links must be
added manually, as they cannot be inferred from those
made earlier.
It is now possible to constrain the GO to taxon-depen-
dent views which contain not only those terms that were
explicitly associated with the corresponding taxonomic
term, but also those with inferred associations. One may
want to select, say, those GO terms that are speciﬁc to
green plants (in our example, the selection would include
‘cell wall (sensu Magnoliophyta)’ and ‘secondary cell
wall’), or all terms valid for the taxon Magnolia (the selec-
tion would include the terms ‘cell wall’ and ‘cell wall (sensu
Magnoliophyta)’). It is possible to reverse the query, i.e.,
ask for taxa that correspond to some GO term-based crite-
ria. For example, one may want to select the most general
TS terms for which the GO term ‘cell wall’ is valid—the
selection would include ‘Magnoliophyta’.
Furthermore, if, at a later time, a new GO term is added
into the hierarchy, e.g., between ‘cell wall’ and ‘cell wall
(sensu Magnoliophyta)’, it would automatically be valid
for ﬂowering plants and magnolias, and relevant for all
three taxa in the example, without the need for a manual
update. (An analogous observation can be made in the casewhen a new TS term is added to the hierarchy). In the case
of the Generic GO slim (see Fig. 1 again), if the terms ‘cell
communication’ and ‘cell cycle’ were appropriately marked
as valid for all (cellular) organisms, then it would be possi-
ble to automatically add to this slim the terms ‘cellular pro-
cess’ and ‘cellular physiological process’ at the time they
were inserted into the biological process branch of the GO.
Observe that the hierarchy of taxonomic ranks can be
used to constrain the view of the Taxonomy of Species in
a manner analogous to the way the Taxonomy’s terms
can be used to constrain the view of the Gene Ontology.
One may choose, for example, those GO terms that are
valid for taxa which are of a rank not lower than fam-
ily—thus building a ‘family-level generic’ GO slim. In this
way one may build ‘generic’ GO slims with the level of gen-
erality deﬁned in terms of relations between GO terms and
TS terms.5. Discussion and conclusions
In this article, we argue that GO slims, the current
approach to building constrained views of the GO, may
be inconvenient as a means of subsetting the GO based
on its relation to the Taxonomy of Species. As an alterna-
tive, we propose a solution that allows one to (1) link GO
terms with taxa in an unambiguous way, (2) reduce the
eﬀort needed to manually select all GO terms appropriate
for a particular taxonomic context, (3) automatically create
views of the GO based on criteria involving taxa that are
not explicitly linked with GO terms, and thus also to (4)
reduce the eﬀort needed to maintain a consistent set of
GO–TS term–term links.
In the Gene Ontology, there are a number of terms
which represent features that have not been found in
organisms of some taxa (including features that by deﬁni-
tion cannot be found in some organisms). These terms
are an essential part of the GO: since the intention of its
inventors was, among others, to provide a vocabulary for
cross-annotation of various molecular biology databases,
taxon-speciﬁc terms are unavoidable. The yearly database
issue of (Nucleic Acids Research [29], and other articles in
that volume) illustrates well the diﬀerence in taxonomic
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that if species-speciﬁc terms are to be included in the GO
all of the issues (1)–(4) mentioned above should be properly
addressed. We believe that the framework proposed here is
a step towards an eﬃcient solution. In a related study, Sch-
licker et al. [30] show that queries such as ‘‘Which biolog-
ical processes are present in Saccharomyces cerevisiae but
not in human?’’ can be answered according to measures
of semantic similarity between GO terms. However, this
data-driven approach is based on existing annotations,
and may thus miss some of the knowledge which domain
experts already have, but which is not explicitly accounted
for in the annotation database.
The framework proposed here has been informally dis-
cussed with some members of the GO community (includ-
ing scientiﬁc curators), to the conclusion that the problem
needs to be addressed and that our solution may indeed be
a plausible candidate. The solution is not intended as a
replacement, but rather as a partially overlapping alterna-
tive to GO slims. The two technologies are compatible:
none of them excludes the other, and custom GO slims
may of course be deﬁned on a taxonomically enhanced ver-
sion of the Gene Ontology.
5.1. Manual and inferred assertions
For practical reasons, linking GO terms with TS terms
may not be a trivial task. Ideally, for each GO term and
each TS term (speciﬁcally, each species term) a curator
would decide whether the feature represented by the former
may be found in organisms of the taxon represented by the
latter. However, to examine over 20,000 GO terms and
over 300,000 TS terms in this way would hardly be a rea-
sonable task, and automated support is therefore highly
desirable. In the case of roughly 500 GO terms, hints are
provided by the ‘sensu’ clauses. Unfortunately, the mean-
ing of such clauses is imprecise (as discussed in Section
3.1), and only relevance could be inferred in this way. In
other cases, inspection of the lexical structure of terms
and search for qualiﬁers such as ‘viral’, ‘bacterial’, ‘fungal’,
‘microbial’, may provide some more hints. Again, manual
curation would be indispensable, since such qualiﬁers
may be misleading. For example, ‘bacterial binding: inter-
acting selectively with any part of a bacterial cell’ is not
necessarily speciﬁc to or valid, though certainly relevant,
for bacteria. It is also possible to draw on the existing
annotations of protein, sequence, etc. data with GO terms,
since such annotations are usually species-speciﬁc.
Yet another possibility is to employ text mining tech-
niques to retrieve tentative links from scientiﬁc literature,
in a manner similar to how suggestions for annotations of
gene products with GO terms are found (see, e.g., [31,32]).
5.2. Epistemological issues
In the ﬁeld of biomedical ontology, it is not uncommon
to confuse ontological claims with those of epistemologicalnature [33]. Our framework is intended to capture claims
about the relations that hold between types of features—
cellular structures, molecular functions, and biological pro-
cesses—on the one hand, and types of organisms on the
other hand. As in the case of any other representational
artifact, such ontological claims are made to reﬂect the best
of one’s knowledge, and are thus subject to further revi-
sions, both due to the progress of science and due to
changes in the underlying portion of reality. While the pro-
posed solution does not include any mechanism for explic-
itly expressing epistemological claims, it is possible to add,
e.g., evidence codes such as those used in the Gene Ontol-
ogy Annotation Database [34]. We could thus say, for
example, that the assertion that suckling behavior is a fea-
ture of all mammals was made by a curator, or that it was
automatically inferred from other assertions. Epistemolog-
ical claims may also be used to implement a more advanced
ontology change-tracking system, such as the one proposed
by Ceusters and Smith [35].
5.3. Logical implications
We have implicitly adopted the open world assumption
(OWA) here: what is not explicitly stated, is assumed to be
unknown rather than false. Under the complementary
closed world assumption (CWA, [36]), the lack of any
explicit link between a particular GO term and any taxon
would mean that the term is not relevant for any taxon—
which would contradict the essential assumption that every
GO term represents a feature found in some organisms.
Note that under the OWA it is not possible, with the rela-
tions deﬁned above, to state that a GO term is not relevant
or that it is not valid for a particular taxon. Should such
statements be desirable, the framework can be extended
with relations such as ‘non-valid’ (not valid, though possi-
bly relevant) and ‘non-relevant’ (not relevant, and thus also
not valid).
Another logical consequence of the deﬁnitions of valid-
ity, relevance, and speciﬁcity is that it is possible to make
contradictory assertions. For example, one may state both
that a GO term g is speciﬁc to a taxon t1 and that g is rel-
evant for a taxon t2, which would be a contradiction if nei-
ther t1 nor t2 are subsumed by the other. While this may
seem a drawback, it is, in fact, a virtue: contradictions
can be detected by a reasoner, and either reported to the
curator, or ﬁxed according to some default rules. The treat-
ment of such contradictions is out of scope of this article,
as it is not a part of the logical semantics but rather an
implementational detail. For an introduction to contradic-
tion in logics, see, e.g., [37].
5.4. Terminology
The careful reader should have noted that our treatment
of terms such as ‘relation’ and ‘link’ is somewhat relaxed.
While it may add to the terminological inconsistence
observed in the literature on ontological engineering [38],
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and simplify this text. For purity, the term ‘relation’ may
be reserved for referring to that in which two or more enti-
ties stand to each other, and the term ‘link’ may be used
only to denote a representational unit in an ontology used
to represent a relation. (See [39] for a more detailed discus-
sion on related terminological issues.) In this context, links
such as ‘part of’ or ‘is a’ between GO terms represent rela-
tions that hold between what the terms represent, while the
links ‘valid for’, ‘speciﬁc to’, and ‘relevant for’ between GO
terms and TS terms represent diﬀerent characteristics of
relations such as component of, function of, etc. that hold
between (instances of) the types represented by the GO
terms and the TS terms. An assertion of the form ‘‘ ‘suck-
ling behavior’ is valid for ‘Mammalia’ ’’ amounts, indi-
rectly, to the ontological statement that all mammals
suckle.
We also note that what ‘found in’ means is context
dependent, and that precisely deﬁning the scope of a con-
text may not be a trivial task. For even if viral capsids
are not present in uninfected cells, they may be found in
infected cells. However, viral components are not elements
of canonical (normal, prototypical) cells, and it is the con-
text of physiological cellular components, functions, and
processes that we implicitly adopt here. With some eﬀort,
the framework may be adapted to cover other contexts.
The framework presented in this article was inspired by
and dedicated to the dependencies between the Gene
Ontology and the Taxonomy of Species. But its potential
usefulness is not necessarily constrained to this one exam-
ple. Consider the limited approach to selecting journal arti-
cles corresponding to a chosen taxon, implemented in the
Omics Gateway of the Nature Publishing Group (see
http://www.nature.com/omics/organisms). Only a few taxa
of diﬀerent ranks are used; certainly, the community of
readers might beneﬁt from being able to select publications
based on more elaborate criteria.
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